Pedibin, a peptide of 21 amino acids, has been shown to stimulate foot formation in hydra, one of the simplest metazoan animals. The data presented here show that pedibin is synthesized as a precursor of 49 amino acids. A putative cleavage site precedes the peptide as puri®ed from hydra tissue. The precursor, like pedibin, accelerates foot regeneration. Pedibin transcripts are concentrated in the foot region of hydra as expected, but are also present in the head region accumulating in the tentacle bases. The early appearance of pedibin transcripts during phases of cell fate speci®cation like budding and regeneration implies that in hydra, pedibin plays an important role in patterning processes of foot and head. This is con®rmed by the ®nding that pedibin also stimulates bud outgrowth. q
Introduction
The solitary living freshwater polyps of hydra belong to the evolutionarily old metazoan phylum Cnidaria. They are considered to be one of the most ancient multicellular animal groups and the ®rst in metazoan evolution to develop specialized tissues. The radially symmetric animals have only one prominent axis: the apical pole gives rise to differentiated head structures, e.g. hypostome and tentacles, the basal pole at the opposite end comprises the foot, e.g. basal disc and stalk region. Because of their striking ability to regenerate even as adult animals, these polyps can be regarded as permanent embryos in which patterning and differentiation processes have to be permanently and tightly regulated for the maintenance of the body structure.
During the last years, a growing number of cDNAs were isolated from hydra coding for regulatory proteins with functions in pattern formation in higher metazoans (Galliot, 2000) . Based mainly on the expression patterns of these genes as evidenced by in situ hybridizations, most of them have been implicated to play a role in head formation and axis development in hydra. An impressive conservation of function has been shown for achaete scute (Grens et al., 1995) , Cnnos1 (Mochizuki et al., 2000) , Cngsc (Broun et al., 1999) and Hyb -Cat (Hobmayer et al., 2000) by heterologous expression in Drosophila and Xenopus embryos, respectively, but for their action in hydra, so far the products of most of these genes are only poorly described. In a different approach, peptides were isolated from hydra tissue, either as immune-like reactivities to anti-peptide antibodies (Moosler et al., 1996) or as bulk preparation in an attempt to obtain as many peptides from hydra tissue as possible (Takahashi et al., 1997) . These peptides have then been tested for biological effects and shown to elicit, for example, muscle contraction or to in¯uence differentiation of nerve cells (Mitgutsch et al., 1999; Takahashi et al., 2000) .
Another type of approach is to analyze the molecules underlying a given biological function. This approach has led to the isolation of three morphogenetically active molecules from hydra tissue, namely head activator (Schaller and Bodenmu Èller, 1981) , pedin, and pedibin (Hoffmeister, 1996) , the former being involved in head-speci®c, the latter two in foot-speci®c differentiation processes.
Pedin and pedibin have some properties in common with the foot activator described earlier, which was shown to speci®cally accelerate foot and not head regeneration and to occur as a concentration gradient decreasing in the foot to head direction (Grimmelikhuijzen, 1979; Grimmelikhuijzen and Schaller, 1977) . The foot activator characteristics are in agreement with the foot-forming potential as deduced from transplantation experiments (Burt, 1925; Hicklin and Wolpert, 1973; MacWilliams and Kafatos, 1968; Yao, 1945) . A ®rst analysis of the action of pedin and pedibin showed that pedin ®ts fairly well to the description of the foot activator. It stimulates foot regeneration, the proliferation of big interstitial cells, and the differentiation of nerve cells. It is underrepresented in a foot-regeneration de®cient strain of Hydra oligactis and occurs with higher concentration in the lower part of the animal than in the upper part (Hoffmeister, 1996) . Pedibin was also isolated because of its stimulating effect on foot regeneration. It lowered the positional value of hydra tissue thus making the tissue more competent for foot formation (Grens et al., 1999) . As measured by radioimmunoassays, the peptide occurred with a slightly higher concentration in the upper half of the animal than in the lower half (Hoffmeister, 1996) . In this paper, the cloning of a cDNA coding for pedibin is described. The pattern of its expression is shown by in situ hybridization in steady-state animals as well as during budding and regeneration.
Results

The pedibin cDNA codes for a peptide of 49 amino acids
The pedibin cDNA was cloned by a PCR-based approach using poly(A) 1 RNA from foot regions excised from Hydra vulgaris and yielded a cDNA with a length of 470 nucleotides and a putative start codon at nucleotide 92. Fig. 1 shows the cDNA sequence and the deduced amino acid sequence of the precursor protein. Since the size of the transcript is about 500 bp long (Fig. 2) , the obtained cDNA is very likely to represent a full-length transcript. The Northern blot analysis also reveals that the pedibin transcript occurs with the same size in the three different body regions of hydra. Additionally, the blot clearly shows that the transcripts are highly abundant in the head and in the foot of hydra, whereas only low amounts are expressed in the gastric region. Using the PSORT program (Bairoch and Apweiler, 2000) , the pedibin precursor protein was predicted to lack an amino-terminal signal peptide and to contain a possible cleavage site between amino acids 28 and 29, which would give rise to the peptide originally isolated.
Pedibin is expressed in the head and in the foot of hydra
The expression of the pedibin mRNA was analyzed with digoxigenin-labeled riboprobes on whole mounts of hydra. As shown in Fig. 3A , the highest concentrations of pedibin mRNA are found in the foot and in the tentacle bases of hydra, which is in good agreement with the Northern blot analysis ( Fig. 2A) . The higher magni®cations in Fig. 3C ,D show that in the head as well as in the foot, the staining fades out towards the gastric region and the tentacles, whereas a sharp boundary faces the basal disc. Sections of these whole-mount preparations reveal that the staining is restricted to the endoderm of the animal (Fig. 3E,F) . Additionally, cryosections were hybridized with radioactively labeled probes, which results in a ®ner resolution. The autoradiographs showed that pedibin is expressed at low concentrations along the entire endoderm in the gastric region. Accumulation of pedibin transcripts was detectable in the tentacles and the foot and at slightly lower levels in the hypostome of hydra (data not shown). Fig. 1 . Nucleotide sequence and deduced primary amino acid structure of hydra pedibin. The sequence of the originally isolated peptide is underlined, the putative cleavage site is marked by an arrow. The asterisk indicates the stop codon. An upstream in-frame stop codon and the putative polyadenylation site are indicated by a dashed line. The start atg is printed in bold. Fig. 2 . Northern blot analysis reveals pedibin expression primarily in the heads and feet of hydra. Hydra vulgaris were cut into heads (h), gastric regions (g), and feet (f), and about 2 mg of poly(A)
1 RNA from each fraction were subjected to Northern blot analysis using an [a- 32 P]dATPlabeled pedibin-speci®c probe (A). Methylene blue staining of the same ®lter revealed the amounts of RNA loaded per lane (B). The sizes of an RNA marker are indicated.
Differential regulation of pedibin during budding
Budding is the asexual form of reproduction in hydra and this process can be used for monitoring patterning events. The formation of buds occurs in the budding zone located at about two-thirds of the distance away from the head. Initially, a circular placode becomes visible in the ectoderm, then both tissue layers evaginate forming a cylindrical protrusion that elongates and develops into a complete animal (Otto and Campbell, 1977) . In Fig. 4A ,B, adult animals with buds of different stages are depicted demonstrating that pedibin expression begins in very early stages and is differentially regulated during the process of maturation. The pedibin message becomes detectable mainly in the apex of the young, just protruding bud (Fig. 4C) . In a later stage, the pedibin message is more highly concentrated at the side of the developing bud, which is next to the parental foot (Fig. 4E ). Already at this stage, the ®rst areas underlying the future tentacles start to express higher amounts of pedibin. This becomes more evident somewhat later during development. The spacing of the future tentacles is readily visible by intense hybridization signals in the endoderm, although the ectoderm does not yet show any tentacle bud protrusions (Fig. 4F) . Moreover, Fig. 4G shows that concomitantly with the appearance of a constriction at the site of foot formation, massive pedibin expression occurs in the prospective foot region.
Effect of pedibin on budding
Because of the presence of pedibin in the head and its early expression during budding, the effect of pedibin on budding was examined. For this purpose, well-fed animals without buds were collected from the culture. Whole animals (three samples, each of 25±30 animals) were incubated with or without freshly prepared dilutions of a lyophilized sample of a 10 23 M stock solution of pedibin. The activation of bud outgrowth was maximal 3±6 h after addition of the peptide and, therefore, was expressed as percentage increase over untreated controls at 6 h. The relative percentages of activation as measured in four independent experiments are given in Fig. 5 . These data show that pedibin exerts an effect on bud outgrowth in a concentration range of 10
29
±10
27 M, yielding a relative increase in bud outgrowth of about 80% of treated samples over untreated controls.
Expression of pedibin during regeneration
Pedibin was isolated based on its stimulatory effect on foot regeneration. Since the analysis of its expression during budding implied that it plays a role very early in patterning events, the expression of pedibin transcripts during regeneration was analyzed. For this purpose, hydra were cut at the different levels indicated and at different time points after cutting, the regenerating animals were prepared for in situ hybridization. When hydra is bisected, the upper half will (E) Cryosection prepared from a whole-mount preparation and (F) enlargement of a tentacle base showing that the staining is restricted to the endoderm of the animal. ec, ectoderm; en, endoderm; f, foot; g, gastric region; h, head; t, tentacle; tb, tentacle base.
regenerate a foot and the lower half a head in the following 24±48 h. The time needed for the complete regeneration of the missing structure depends on the axial level of sectioning with cutting at the midgastric region leading to an increase in the time needed for the regeneration of the head or the foot, respectively. In animals sectioned just above the peduncle region, the pedibin mRNA still residing in the cells of the lower gastric region area is depleted or degraded initially (data not shown), after which transcription of pedibin mRNA resumes between 3 and 5 h after cutting (Fig. 6A ). After about 18 h of regeneration, the level of pedibin transcription is very high in the regenerating foot and also within the gastric region (Fig. 6A) . At 24 h after foot removal, the pattern of pedibin expression resembles the pattern found in steady-state animals (Fig. 6A) . Sectioning of the animals just beneath the tentacle rings gives similar kinetics of the reappearance of the transcripts in the regenerating tip (Fig. 6C ). At about 7 h after sectioning, the pedibin staining seems to spread from the foot region to the area where a head has to be newly formed, reminiscent to what is shown in Fig. 4E for bud development. Moreover, during head regeneration, pedibin is initially expressed in the apex of the regenerating tip, then concentrates more in the hypostomal ring region, after which it condenses in areas where the future tentacles will evaginate. As already observed during bud development, this pattern of prospective tentacles is readily visible long before the appearance of tentacle buds in the ectoderm (Fig.  6C) . After bisectioning of the animals in the midgastric region, the pattern of transcription is similar to the pattern described above with the reappearance of pedibin expression being delayed (Fig. 6B,D) and proceeding less rapidly. Since individual animals differ somewhat with respect to the timing of the pedibin expression, the pictures shown in Fig.  6 represent the majority of regenerates.
Biological activity of the pedibin precursor peptide
To approach the question whether the full-length pedibin precursor is biologically active, the peptide was synthesized (BACHEM, Heidelberg) and tested for its biological activity. For this purpose, the feet of animals were cut above the stalk region. The footless, upper parts of the animals were kept in hydra medium without or with increasing concentrations of the 49 aa peptide and monitored for regenerated feet in the peroxidase assay after 22±23 h (Hoffmeister and Schaller, 1985) . The dose±response curve shows that the pedibin precursor is active at a concentration range of 10 29
±10
27 M (Fig. 7) . Pedibin was found to be active at lower concentrations but with higher variability (Hoffmeister, 1996; data not shown). These results imply that the Nterminal 28 amino acids of the pedibin precursor are not directly interacting with the putative receptor. Alternatively, the N-terminal 28 amino acids of the pedibin precursor are cleaved off prior to the interaction with the receptor.
Discussion
Pedibin cDNA and structure
Pedibin isolated from hydra tissue is a morphogenetically active peptide (Grens et al., 1999; Hoffmeister, 1996) . Independently of this work, a cDNA coding for pedibin was isolated from Hydra magnipapillata in the laboratory of T. Fujisawa (DDBJ Accession Number AB030084 and Harafuji et al., 2001 ) comprising the identical nucleotide sequence thus con®rming the pedibin sequence (Hoffmeister, 1996) . Analysis of the cDNAs coding for pedibin showed that the protein is synthesized without a signal peptide. This is also true for Hym-323, which was recently described to enhance foot formation (Harafuji et al., 2001) . HEADY, which is supposed to be stored in vesicles from which it is released as an inducer of apical fate in hydra (Lohmann and Bosch, 2000) , also does not comprise an obvious signal peptide according to analysis with the PSORT program. Regulated secretory proteins lacking a signal peptide can be sorted via coaggregation with proteins containing such a signal (Gerdes and Glombik, 1999) or they can be secreted by an active mechanism, which does not involve protein transit through endoplasmic reticulum and Golgi, and can be accompanied by processing (Andrei et al., 1999; Dinarello, 1999; Florkiewicz et al., 1995; Mignatti et al., 1991; Watanabe and Kobayashi, 1994) .
The deduced amino acid sequence from the cloned cDNAs shows an extension of 28 amino acids at the Nterminal end of pedibin. This pedibin precursor contains a putative cleavage site between alanines 28 and 29, which gives rise to the peptide originally isolated from hydra tissue. Endoproteolytic cleavage of the lysine at position 26 would enable dipeptidylaminopeptidase (DPAP) to cleave the following two amino acids Leu±Ala. This enzyme is known to cut at the C-terminal side of N-terminal Xaa±Pro and Xaa±Ala sequences, though typically occurring as pairs or stretches (Kreil, 1990) , and has already been implicated to play a role in the processing of cnidarian preprohormones (Leviev and Grimmelikhuijzen, 1995) . Alternatively, since endoproteinases like metalloproteinases are known to cleave peptides preferentially at the amino side of Ala, Thr, Ser, and less pronounced Gly (Zwilling et al., 1981) , the pedibin precursor is a suitable substrate for such enzymes. Recently, several metalloproteinases have been characterized and cloned from hydra tissue (Kumpfmuller et al., 1999; Leontovich et al., 2000; Yan et al., 2000a,b) . Hence, the pedibin precursor might be a substrate for one of these or a related proteinase.
From the data obtained so far, it cannot be totally excluded that pedibin is solely a degradation product of the 49 aa precursor. Nevertheless, the fact that the 21 aa pedibin was shown to stimulate foot regeneration in a concentration range of 10
211
±10
29 M (Hoffmeister, 1996) , to lower the positional value in hydra tissue in a concentration range of 10
28
±10
26 M (Grens et al., 1999) to downregulate the expression of the FARM 1 gene (Kumpfmuller et al., 1999) and to stimulate bud outgrowth (see Section 2.4) implies that either both forms exert biological effects ± possibly with subtle differences ± or that an enzymatic cleavage of the precursor peptide yielding the 21 aa pedibin is necessary prior to interaction with a putative receptor. The examination of the exact mechanisms will be the subject of further investigations.
Patterns of expression of pedibin
The analysis of the pattern of pedibin expression by Northern blot revealed that it is concentrated in the head and in the foot of the animal, occurring with less abundance in the gastric region. In situ hybridization studies, which showed that pedibin expression is highest in the stalk region and in the tentacle bases and slightly less in the hypostome con®rmed this ®nding. These data are in good agreement with the former results obtained by analyzing the distribution of the peptide along the body axis (Hoffmeister, 1996) . During budding, pedibin is already expressed in the evaginating bud, demarcating the boundaries of the future tentacles very early in the endoderm, before any visible tentacle protrusions become visible in the ectoderm. Likewise, pedibin expression precedes the differentiation of the bud's foot. During the phase of bud elongation, pedibin expression is concentrated on the side next to the foot. Such an asymmetrical distribution of transcripts during budding was also described for manacle and shin guard, two genes speci®-cally expressed in the foot region of hydra (Bridge et al., 2000) and for HyAlx, an aristaless-related gene involved in tentacle formation (Smith et al., 2000) . It was shown before that the ®rst two tentacles of young buds form on the side facing the parental foot (Otto and Campbell, 1977) . Hence, all these ®ndings imply that the parental foot directly interacts with the developing bud.
The fact that pedibin expression could be observed already after 3±5 h in regenerating tips of animals cut directly beneath the tentacles or above the stalk region, respectively, also implies an important role for pedibin in patterning. Taking into account that low levels of pedibin transcripts may not be detected by digoxigenin-labeled riboprobes, reappearance of pedibin might occur even earlier. In hydra, the time needed for the regeneration of missing structures is dependent on the level of sectioning of the body axis. This is due to the fact that in the vicinity of the terminally differentiated structures, many precursor cells exist, which are already predetermined to undergo speci®c differentiation. These cells can easily rebuild the missing structure once regeneration has been initiated. The situation is different in the middle of the body column, where mainly undetermined stem cells exist. In this region, the relative abundance of already determined precursor cells is assumed to be low and processes of cell fate speci®cation have to be initiated for most of the cells. Therefore, the kinetics of the reappearance of a given mRNA after bisecting animals in the middle of the body yields additional information about its potential role during patterning. The reappearance of pedibin during regeneration of the animals after sectioning in the middle of the body was slightly delayed for head as well as for foot regeneration as compared to sectioning close to the respective pole, starting at about 7 h after sectioning. This delay in the reappearance of pedibin expression is re¯ecting the slower rate of regeneration of the respective missing structure when animals are bisected at this level (MacWilliams, 1983; MacWilliams et al., 1970; Webster and Wolpert, 1966) . Therefore, pedibin appears to play an active part in the formation of patterns rather than being the mere target of such agents and a product of speci®cally differentiated cells.
In accordance with this assumption is the ®nding that pedibin also exerts a stimulatory effect on bud outgrowth. The analysis of the expression pattern of pedibin implied that it does not seem to be involved in foot-differentiation only but it also appears to play an important role in the process of appropriate spacing of the tentacles in the head. Pedibin does not seem to be primarily involved in the determination of hypostomal tissue, which is supposed to comprise the tissue with the highest positional value in hydra (Bode et al., 1988 and references therein) . It rather Fig. 7 . Dose±response curve showing the effect of the 49 aa pedibin precursor on foot regeneration. The feet of animals were cut above the stalk region. The footless, upper parts of the animals were kept in hydra medium without or with increasing concentrations of the peptide and monitored for regenerated feet in the peroxidase assay after 22±23 h. The dose±response curve shows the relative activation due to peptide treatment compared to the control. For each individual point, 3 £ 20 animals were assayed.
seems to play a role in the positioning of tentacles, which arise later during head formation, when the apex, which will give rise to the hypostome, has been determined. The tentacle-speci®c HyAlx gene was found to be expressed in two phases during regeneration (Smith et al., 2000) . In contrast, pedibin expression increases continuously during foot regeneration as well as during head regeneration. Bud outgrowth could be affected by pedibin in two respects: ®rstly, by promoting the process of tentacle establishment and secondly, by promoting the maturation of the bud's foot. Since during budding, patterning of the head as well as of the foot takes place in close neighborhood and in a temporally and spatially very well-coordinated way, looking more closely at budding might lead to a better understanding of the respective contribution, which is accomplished by different peptides like Hym-323, pedin, and pedibin.
Experimental procedures
Animals
Hydra vulgaris were cultured in a medium consisting of 1 mM CaCl 2 , 0.1 mM KCl, 0.1 mM MgCl, buffered with 0.5 mM sodium phosphate, pH 7.6. They were fed daily with nauplii of Artemia salina and washed for 5±6 h after feeding. The water temperature was kept at 19^28C: For all experiments, animals were starved for 1 day before use.
Peptides
Both peptides, the 21 aa pedibin and the 49 aa propedibin were purchased from BACHEM (Heidelberg).
Molecular cloning and sequence analysis
For the cloning of pedibin, different oligonucleotides were designed, one of which, termed PEB2, was successfully used in a 3 H RACE PCR approach. PEB2 covers the region between amino acids 7 and 15 of pedibin: 5 H -CAT GAG TT(GT) GAG GAG AA(AG) GA(AG) AA(AG) GC-3 H . With this primer, PCR was performed using the Super Scripte Preampli®cation System for First Strand Synthesis (GibcoBRL) and poly(A) 1 RNA from foot regions excised from Hydra vulgaris. The annealing temperature was 538C and 35 cycles were performed. The obtained band was excised and subcloned. Sequence analysis showed a 276 bp long fragment containing the correct coding sequence for amino acids 15±21 of the peptide. From the obtained sequence of this PCR fragment, a new primer, 5
H -ATT GGA GGT TAT TTT AGT GTT AGG ATT-3 H was designed and then used in combination with a T3 primer to amplify the 5 H end from an oligo(dT)-primed lZAP cDNA library of Hydra vulgaris. The sequence data have been submitted to the GenBank, accession number AF177908. For the analysis of the pedibin precursor sequence, the PSORT program (prediction of protein localization sites) was used (www.expasy.ch/sprot/sprot-top.html).
Northern blot analysis
Hydra vulgaris were cut into heads, gastric regions, and feet, and approximately 2 mg of poly(A) 1 RNA from each fraction were subjected to Northern blotting. Hybridization with an [a-32 P]dATP-labeled 203 bp pedibin fragment, corresponding to nucleotide 74±277 of the pedibin cDNA was carried out using Expresshyb hybridization solution (Clontech) at 508C. The ®lter was washed with 2£ SSC, 0.1% SDS at 378C, and autoradiographed on Kodak BIOMAX ®lm.
In situ hybridization
For the in situ hybridization studies in Hydra vulgaris, a 203 bp long fragment of the pedibin cDNA, corresponding to nucleotide 74±277, was used for the generation of digoxigenin-labeled as well as for 35 S-UTP-radiolabeled riboprobes. In situ hybridization was performed as described in Grens et al. (1996) for the digoxigenin-labeled whole-mount preparations and as described in Hermans-Borgmeyer et al. (1996) for the radiolabeled cryosections. To con®rm that endodermal cells were expressing pedibin, the wholemount in situ preparations were embedded in Tissue Tek and subsequently cryosectioned.
Assay of bud outgrowth
Well-fed animals without buds were selected from the culture. In analogy to what was described (Schaller et al., 1979) , 25±30 animals were subjected to different concentrations of pedibin and to pure medium for the control in 10 ml of medium. Bud-outgrowth was monitored 3±24 h after the addition of the peptide.
Peroxidase assay for foot activation
The peroxidase assay was performed as described previously (Hoffmeister and Schaller, 1985) . Budless animals of Hydra vulgaris were collected from the culture and feet were removed at time zero. The footless animals were then incubated in pure medium for the controls or in medium containing increasing amounts of the 49 aa precursor peptide (BACHEM, Heidelberg). Three times 20 animals were assayed for each concentration and the control. After 23 h, the animals were transferred to 5 ml tubes and the medium was aspirated. Subsequently, 1 ml of 0.1 M citrate buffer (adjusted to pH 4.5 with HCl) containing 0.1% 2,2 H -azino-bis-(3-ethylbenzthiazolinesulfonic acid 6) ammonium salt (ABTS, Sigma) and 0.0003% hydrogen peroxide was added to each tube. One tube without animals served as reference. The reaction was stopped after 30 min by addition of 10 ml of 40 mM sodium azide and the optical density of the medium was measured at 415 nm. Activation was determined as percentage activation (A) of the treated (T ) compared to the untreated (C) sample: A T 2 C=C £ 100 %
